taxonomic levels, even down to the strain sometimes, and there are today more than 2.5 million rRNA sequences available, many being used for this purpose. 16S rRNA provides the framework within which all comparative prokaryotic physiology and genomics (three thousand genomes sequenced and counting) is currently carried out.
Second, for those who cared about evolution but not prokaryotic systematics, it was not just that the prokaryotic phylogenetic tree had a single deepest division (all bifurcating trees will), but that its two branches were so profoundly different at the molecular and cellular level. Their common ancestor must have been a primitive entity ('the progenote'), still "in the throes of evolving the genotype-phenotype coupling", Carl figured. This meant that comparative molecular biology could open a window into evolution's earliest stages, more than 3.5 billion years back. Without the far-reaching ideas and prodigious datasets generated by Woese and his protégés, enthusiastic colleagues and hordes of more distant admirers, all of biology, but most especially microbiology and cellular evolution, would be immeasurably the poorer. Lynn Margulis, who died little more than a year before, once termed this cohort of evolutionary investigators "Woese's Army", and indeed Carl's following has that sort of character. If we sought reasons to endorse a "Great Man Theory" of (scientific) history and progress, we could find no better exemplar.
1977 was a very big year in biology, almost as important as 1953 or 1859, one might assert. Introns were discovered as 'intervening sequences' in the genes of eukaryotes, and prokaryotes were shown by Carl and his then-postdoc George Fox to be deeply divided into two groups, which Carl and George [1] called the 'urkingdoms' eubacteria and archaebacteria.
Why were Archaea (as archaebacteria are now called) as important as introns? First, because they drew attention to, vindicated, and ultimately led to independent tests for the whole ribocentric approach that Carl and his students had been developing over the previous decade as an objective and evolutionarily principled bacterial classification. At that time, this entailed the painstaking assembly of 'T1-catalogs' (lists of all G-terminated oligonucleotides) in 16S ribosomal (r)RNA, the molecule at the heart of all ribosome small subunits. The first catalogs took months (and intimidating amounts of 32 P as radioactive label) to assemble. Nowadays of course complete rRNA gene sequences are obtainable many orders of magnitude more cheaply and quickly. Classification via 16S rRNA phylogeny works well at all Obituary embraced the new methods, clinicians clinging to the pure-culture paradigm. But nowadays the first step in surveys of the microbiota of all the specialized niches in and on our own bodies (the new science now called 'microbiomics') is an RNA survey. These uses of rRNA phylogenetics we owe to the early wisdom of the army's fivestar general Norman Pace, never a student of Carl's but always a staunch supporter.
And fourth, even for those in denial of the fact that this is a prokaryoterun planet, ribosomal RNA sequence comparisons would form the basis of a new appreciation for the diversity and a delineation of all the major groups of eukaryotes, this through the efforts of a friend who was a student of Woese, Mitchell Sogin. The four time-honored eukaryotic kingdoms (animals, plants, fungi and protists) are now being superseded by as many as a dozen 'supergroups', most microscopic.
Archaea had a difficult ride to acceptance. Traditionally trained microbiologists, and many systematists still embroiled in debates over whether it was molecules or morphology that could best tell us about evolution, could not countenance a radical systematic revision based on molecular sequences, partial at that. Ernst Mayr, the doyen of biological classification, did not Perhaps appropriately it was German researchers who most readily accepted the Archaea, providing the second and third legs -unique lipids and cell walls, the purview of Otto Kandler, and eukaryote-like RNA polymerases, studied by Wolfram Zillig -for the 'three-legged stool'. This last was a metaphor for the additional support that Carl's Urbana colleague Ralph Wolfe insisted would be necessary if the wider community were ever to come to believe in Archaea. Come to believe they eventually did. Today there is probably not a high-school or college textbook published that does not endorse Carl's three-domain representation of the universal Tree of Life. Admittedly, there have for the last few years been undercurrents of post-Woesian revisionism holding that: first, because of rampant lateral gene transfer persisting after cells crossed the Darwinian threshold the Tree of Life is so fuzzy as to be more properly considered a Web; second, possibly eukaryotes emerged from within the Archaea, problematizing the cladistic case for three domains; and third, Bacteria and Archaea are reified 'natural kinds'. But nobody seriously doubts that in many basic ways having to do with the mechanics of gene expression, Archaea and Bacteria are as different from each other as either is from eukaryotes. Carl did discover a third kind of Life, though one might quibble philosophically about the meaning of 'kind'.
Discovering the Archaea, or rather having the vision and fortitude to embark, against the advice of his colleagues, on the decadeslong quest for a rational microbial systematics that would result in that discovery, is far from all that biology owes to Carl Woese. Trained as a biophysicist, and in his early days pursuing rather traditional studies on mutagenesis and bacterial sporulation, he soon became fascinated with the problem of the genetic code and its origins, deciding early that the very early evolution of translation was key to understanding why cells are as they are. Presciently, he saw the ribosome as an RNApowered molecular machine and envisioned a key role for RNA in precellular evolution, prefiguring an 'RNA world' theory that did not become widely popular until after 1977 (thanks to the discovery of introns, the other seminal event that year). And with George Fox and later Harry Noller, Carl perfected the comparative approach to determining the secondary structures of cellular RNAs: of possible secondary structures, that which is most consistent with an evolutionarily broad sampling of primary sequences is likely the true one. The method is so second-nature to us now we forget that somebody had to think it up.
Facts are facts, and Archaea would ultimately have been discovered by someone else. As scientists we cannot fully embrace Carlyle's [2] notion that "The history of what man has accomplished in this world is at the bottom the History of the Great Men who have worked here". But so much of how we think about Archaea and what they have to tell us about evolution reflects Carl's intellectual commitments that he will have left a far greater impress on the field than the rest of us could ever aspire to. He believed, even more deeply than did Dobzhansky, that "nothing makes sense in biology except in the light of evolution" and, unlike many of his colleagues trained as molecular biologists, saw mere mechanical explanations as woefully inadequate. Indeed, he declared war on molecular biology, seeing it as evolutionary biology's Scylla. The Charybdis was the Modern Synthesis, which he described as "the private domain of a quasi-scientific movement, who secreted it away in a morass of petty scholasticism" [3] .
Carl was not a geneticist by training or at heart, and although cognizant of horizontal gene transfer, saw it as a creative force at the beginning of cellular evolution (the 'progenote' stage), not as a challenge to defining the 'true' relationships between living things now. Most of the phylogenetic community still holds Carl's belief as foundational. Nor was he, as Mayr complained, a card-carrying taxonomist. So he was free to invent simple intuitive treeing methods that sidestepped the cladist wars already raging at the time he started to present his startling results. Still today at big evolution meetings it is almost as if the rRNA phylogeneticists working on microbes and those who study the evolution of organisms one can see are different tribes, though some now can bridge the gap.
Carl was styled by the Science writer Virginia Morell [4] as "microbiology's scarred revolutionary", and the heroic story around his struggle has been told many times over, indeed now has engaged a professional historian of science as well as his colleagues. But extraordinary claims rightly demand extraordinary proofs, and Carl did in the fullness of time win many prizes -the Swedish Academy's Crafoord Prize (the real biologist's equivalent of the Nobel), a MacArthur Foundation Fellowship, the Waksman Award of the US National Academy of Sciences, the National Medal of Science, and the Leeuwenhoek Medal. And he is survived by his army, a legion of researchers owing allegiance not just to his methods but to the intellectual framework he almost singlehandedly imposed on the microbial world. None of us could hope for more.
